Ageing is a complex, multi-step process which involves, among others loss of collagen and elastin. Collagen is found in large amounts in the body, especially in the dermis layer. These fibers provide the skin's normal strength, hydration and mechanical properties. Collagen is largely available, as it can be extracted from many animal sources, it can be easily absorbed upon topical administration, hence it is largely used in the cosmetic and pharmaceutical industry for the treatment of premature aging. Bioactive peptides, such as collagen hydrolyzate, are among the most used ingredients for the development of nutraceuticals -food or food ingredients that have defined physiological effects. Numerous studies have demonstrated that peptides resulted from ingestion of hydrolysate collagen and detected in the blood stream have chemotactic properties for skin fibroblasts, helping the skin restoration process. The purpose of this minireview is to present an update on the use of hydrolyzed collagen for skin care.
Introduction
The presence of aging is noticeable in the second decade of life and involves numerous and important changes. Although at the beginning the changes are hardly observable, towards the third decade, important structural and functional changes occur. The skin is a protection system of the body against undesired influences from the external environment (1) having multiple key roles in the sensitivity and protection against physical, chemical and biological aggressors of the human body (2) . Due to its large exposure to environmental factors, skin suffers alterations which affect not only this aspect, but ultimately human health conditions (3) . This is one of the reasons for which food, cosmetic and pharmaceutical industry are preoccupied with developing novel and improved products to prevent, delay or minimize the signs of ageing and to protect and heal the skin (4) .
Nutraceuticals ('nutrition' + 'pharmaceutical') are foods, food ingredients or pharmaceutical/cosmetic products with defined physiological effects (5) , but without adverse effects, administered with the purpose to improve health status (6) . Due to population growth and diversified food requirements, the consumption of nutraceuticals has increased. Nutraceutical products obtained from plants contain antioxidants, polyunsaturated fatty acids, as well as pre and probiotics. Recently the treatment of collagen deficiency has been treated with bioactive peptides obtained by enzymatic hydrolysis of food proteins. Bioactive peptides, such as collagen hydrolyzate, are among the most used ingredients for the development of nutraceuticals. Collagen represents ~30% of the body's protein mass and plays an important role in the structure of different tissue types, giving rigidity and integrity to the bones and skin. Collagen fiber has a triple helical structure composed of α chains. Type I collagen is found in mammals and is made up of two α1(I) and one α2(I) chains. The skin contains type I and III collagen and the cartilage, type II and III collagen. Collagen fibers confer tensile strength to these tissues. Hydrolyzed collagen is rich in amino acids such as glycine and proline, and after digestion it accumulates in the cartilage or skin and helps maintain stability or regeneration (7) .
Beneficial effects of food supplements based on hydrolyzed collagen for skin care (Review)
Extracellular matrix is mainly composed of collagen proteoglycans. Resistance, molecular filtration, and skin hydration are determined by proteoglycans that also influence cell behavior or cell-matrix interactions. Collagen proteoglycans, which are an important source of cytokines and growth factors, may undergo changes in their expression or structure, which can significantly influence tissue homeostasis (8) .
Because collagen and elastin deposits decrease with age, especially due to sun exposure, for the affected areas the cosmetic industry tries to find solutions to improve the appearance of the skin of the face and neck (9) . Collagen is an important ingredient of pharmaceutical or food products and acts on connective tissues of skin, tendons, ligaments, and teeth. Collagen peptides are used as dietary supplements in malnutrition or other degenerative diseases to restore bone density. The beneficial effect of collagen peptides on skin elasticity, such as reducing wrinkles or increasing collagen deposition in the dermis, has also been demonstrated in various clinical studies (Table I) (10) (11) (12) (13) (14) (15) . For this, in order to act in the deep layers of the skin, hydrolyzed collagen must enter the bloodstream, crossing the intestinal barrier (16).
Skin ageing -natural occurrence and external triggers
Epidermis, formed by proliferative basal cells, and the dermis, formed by keratinocytes, represent the main components of the skin. Dermal fibroblasts produce elastin and collagen type I and III, along with other extracellular matrix proteins (17) . Because the dermis through the blood vessels provides important nutrients to the skin and provides structural support to the epidermis, it is necessary to maintain the structure of the dermal layer for proper functioning of the skin cells. Skin ageing can be due to natural processes occurred, intensified or accumulated in time (chronological, intrinsic or natural ageing) or upon solar radiation exposure (extrinsic, photo-ageing). Changes in the dermal layer of the skin, alteration and modifications of the extracellular matrix, as well as increased inflammatory markers and decreased blood flow lead to aging skin (18) (19) (20) .
The ageing process enhances the cumulative exposure to harmful stimuli such as hemodynamic stress, oxidized lipids, and is linked to impaired angiogenesis and endothelial dysfunction (21) . Dermal structure may be affected by natural aging and aged fibroblasts synthesize less collagen. Ultraviolet radiation generates reactive oxygen species that activate matrix metalloproteinases, influencing collagen production through neocolagenesis, leading to a change in the ratio between type I and III of collagen. This results in breakdown of the extracellular matrix and photo aging of the skin (1). Due to the reduction of the collagen amount in the skin and the occurrence of the elastosis phenomenon that causes the disorganized accumulation of elastin proteins in the dermis, dermal atrophy occurs and the skin appears aged (22) . The elastosis process occurs especially on the areas of the body exposed to solar radiation. As a consequence of this phenomenon, the activity of the fibroblasts decreases and the mechanical tension is reduced which leads to the degradation of the existing collagen fibers. Due to the increased degree of collagen breakdown in the dermis and the decrease of its synthesis, fine lines appear (1).
The dermis is altered in smokers, and chronic stress acting on the circadian cortisol/corticosterone rhythm alters collagen synthesis and degradation. As a consequence of sun exposure, aging skin becomes drier, has laxity and wrinkles. During the ageing process, wrinkles deepen and skin laxity increases (16) .
Sources of collagen peptides
Gelatin formation results from the irreversible denaturation of the collagen molecules. To stop this denaturation process, a chemical or thermal treatment can be applied. Heat treatment of collagen denaturation is used both in beauty techniques, in medical techniques such as orthopedics, plastic surgery, dental or ophthalmological treatments, but also in the pharmaceutical or food industry. Gelatin is commonly used in the food industry due to the different bioactivities of collagen peptides, especially high biocompatibility and bioavailability (23) .
Researchers are actively trying to find new sources of collagen. The hydrolyzed collagen and gelatin currently used are obtained from porcine or bovine type I collagen. Unlike gelatin, hydrolyzed collagen is more suitable for digestion because it dissolves in water or brine and is well absorbed. It has been shown that the age of the animal influences the degree of solubility of collagen, the collagenous tissue of the older animals being harder to solubilize than that obtained from a young animal. Numerous techniques have been developed for obtaining macromolecules based on collagen, and these techniques take into account the source of collagen and its degree of solubilization (24) . Good quality gelatin is extracted from the bovine bone, whose peptides act on bone metabolism, being useful in the treatment of osteoarthritis, acting on bone metabolism and inhibiting bone loss. Due to the occurrence of bovine spongiform encephalopathy, the use of this type of gelatin is limited and other sources of collagen are needed. Collagen can be extracted from both animal and vegetable sources, algae and marine organisms, including fish (3, 25) .
In pharmaceutical, cosmetic and food industries, the use of collagen of marine origin is preferred (26) . Collagen and other bioactive substances can be extracted from marine organisms. Among the marine organisms from which collagen is extracted are invertebrates such as jellyfish, sponges, sea urchin, octopus, but also vertebrates including cod, salmon and marine mammals. Unlike collagen of animal origin, collagen obtained from marine sources is more easily absorbed, has low molecular weight and is preferable to industry due to low inflammatory reactions and low number of contaminants (27) . Marine collagen is similar in terms of biocompatibility and amino acid content to that of animals of porcine or bovine origin. Also from marine organisms, type I collagen is abundant. Regenerative medicine focuses mainly on tissue engineering, for the replacement or restoration of damaged tissues. Tissue engineering also uses biomaterials, cells and biochemical factors. The most suitable biomaterial for tissue engineering is collagen which allows both cell migration and extracellular matrix-cell interaction, which results in tissue regeneration (26) .
In the cosmetic industry, marine collagen is successfully used for the treatment of wounds, burns and ulcers but also for antimicrobial protection, preventing the loss of moisture and heat from the injured tissue (26) .
Because there are important sources of marine collagen, and the peptides obtained from this collagen have the ability to pass intact into the bloodstream after gastrointestinal digestion, but also due to the ability of these biopeptides to help heal wounds, it is preferable to use this type of collagen in industry. The only limitation is the probability of contamination with heavy metals (27) (28) (29) .
Clinical evidence for the beneficial roles of collagen based products for skin care
Hydrolyzed collagen has long been used in food supplements and pharmaceutical industry because many clinical studies have shown benefits, such as bioavailability, rapid absorption in the digestive tract, passage into the bloodstream as small peptides and accumulation in the skin 96 h after ingestion.
After ingestion of hydrolyzed collagen, proline and hydroxyproline were found in the bloodstream. With low molecular weight and rapid absorption, collagen peptides are distributed in different tissues, such as skin, where these peptides have demonstrated their efficacy and benefit (Fig. 1) .
Numerous in vitro studies have focused on the antioxidant activity of collagen peptides demonstrating that blood peptides from ingestion of hydrolysate collagen have chemotactic properties for skin fibroblasts, leading to migration and proliferation of murine fibroblasts (30, 31) . Fibroblasts activated by hydrolysate collagen cause the production of collagen, hyaluronic acid and elastin. After ingestion, collagen peptides can remain in the dermis for up to 14 days, ensuring skin protection from sunlight and improving moisture retention while helping to repair endogenous elastin and collagen fibers. Following oral administration of bovine hydrolyzed collagen, improvement in the aging of the skin was observed along with an increase in the amount of cutaneous collagen and a change in the ratio of collagen from type I to type II (32) . Currently, there are numerous commercial products in the field of food supplements or cosmetic products based on collagen and the above clinical studies.
The Pure Gold Collagen ® Food Supplement (Minerva Research Labs Ltd.) is a type I hydrolyzed collagen product extracted from fish containing low molecular weight hyaluronic acid to which several vitamins and minerals are added. Borumand and Sibilla showed in a study that if one consumes 50 ml of Pure Gold Collagen daily for 60 days, the dryness of the skin is reduced, the wrinkles and the nasolabial depth are reduced, and after 12 weeks the skin becomes firmer and increases collagen density (33) .
Another commercial product is the BioCell Collagen ® food supplement composed of type II hydrolyzed collagen, low molecular weight hyaluronic acid and chondroitin sulfate. In a study conducted by Schwartz and Park (15) in 2012 on 26 healthy women who were given 1 g of BioCell Collagen ® daily, the beneficial effect of this product was demonstrated after a 12-week administration period, namely, a significant reduction in skin dryness and wrinkles. Laboratory investigations also showed an increase in hemoglobin and collagen content in the dermis after BioCell Collagen ® administration for 6 weeks. BioCell Collagen ® (BCC; BioCell Technology, LLC) is a hydrolyzed collagen extracted from chicken cartilage and each capsule contains 300 mg of hydrolyzed collagen, 100 mg of depolymerized chondroitin sulfate and 50 mg of acid hyaluronic. Subjects received two capsules per day for 12 weeks, monitoring the appearance of the skin of the face, facial wrinkles, tone, texture and hyperpigmentation of the skin. At the final evaluation, it was found that the wrinkles were significantly reduced and the skin dryness decreased. Besides the visible changes of the skin, physiological changes in the metabolism of the molecules in the dermal and epidermal layers were also noted.
The administration of hydrolyzed collagen of animal origin (chicken, pig) to human subjects after 12 h of fasting showed an increase in the amount of hydroxyproline in the blood with a maximum at 2 h after digestion, then decreasing at 4 h after digestion (15) .
The VERISOL ® product (GELITA AG) which is type I porcine hydrolyzed collagen has been tested on 69 healthy women. Women received 2.5-5 g of hydrolyzed collagen daily. At 4 weeks after administration the group of older women showed a significant increase in skin elasticity which was maintained after the treatment was stopped. Hydrolyzed collagen had a beneficial effect on skin elasticity at the end of the treatment period regardless of the dose administered (2.5 or 5 g) (18) .
Studies have also been carried out on nutritional products based on collagen peptides and antioxidants, demonstrating an increase in skin elasticity after 90 days of consumption. Bioactive peptides in the dermis have double action: on the one hand free amino acids help to form collagen fibers and on the other hand these peptides bind to receptors on the fibroblast membrane stimulating their proliferation and implicitly the production of hyaluronic acid, collagen and elastin (23) .
Many scientific studies provide evidence that supplementation with vitamins from group C or E can improve skin appearance because nutrients may have specific properties, which attract water molecules thus improving hydration in the skin, scavenge free radicals or reduce inflammation. Vitamin C is also an essential co-factor in the biosynthesis of collagen. Another study tested a hydrolyzed collagen product in a group of 18 menopausal women. The tested product also contained vitamin C and hyaluronic acid. After oral consumption for 9 weeks of this product there was an improvement in the appearance of the skin and a significant reduction in the depth of wrinkles in the tested subjects. At the same time, the degree of hydration, the loss of water and the elasticity of the skin were observed. In addition, it was shown that daily oral supplementation with 1 g of this type of hydrolyzed collagen for up to 12 weeks led to significant reduction of wrinkles and improvement of skin elasticity and in the degree of skin dryness (33) .
Campos et al (34) performed a study on a product composed of a combination of amino acids (hydrolyzed collagen peptides: glycine, proline and hydroxyproline), supplemented with hydrosoluble vitamins (A and C) and lyposoluble vitamins (E) and zinc. They tested the effectiveness of the treatment by biophysical techniques and imaging of the skin. The study enrolled 60 healthy women who each received daily for three months 10 g of test product in the form of water soluble oral powder. At the end of the study, there was a visible reduction of wrinkles and large pores, a good elasticity of the skin and a better structure of the dermis. The conclusion of the study was that a hydrolyzed collagen product supplemented with vitamins and zinc is much more effective in improving the aging conditions of the skin. It was concluded that by combining the three types of amino acids (glycine, proline and hydroxyproline) with vitamins and zinc that have antioxidant effect, the protection against reactive oxygen species is ensured. These reactive oxygen species are responsible for oxidative stress, which are closely related to both the inflammatory process and the collagen synthesis process (35, 36) . So far, the beneficial effects of hydrolyzed collagen have been demonstrated on a number of skin conditions. The beneficial effects of hydrolyzed collagen have been extensively analyzed for a series of skin conditions (37) , but further studies are need in order to address their application for other dermatological ailments (for instance the use of a topical remedy in case of the hyperpigmented, velvety, hyperkeratotic plaques found on the skin of patients with Aacanthosis nigricans) (38).
Conclusions
It is known that the aging process of the skin is closely related to the molecular metabolism and the modifications of the extracellular matrix in the dermis, resulting in the modification of the structure and functionality of the collagen fibers, elastin and hyaluronic acid. Clinical manifestations of this process include increased laxity, fragility, dryness of the skin and the appearance of wrinkles. It has been proven that daily consumption of hydrolyzed collagen in different doses, from different sources can bring many benefits for the human body from relieving joint pain to improving skin health. Hydrolyzed collagen can be isolated from different sources including bovine, porcine skin, marine organisms, chicken skin and fish cartilage. It can be associated with vitamins and other types of nutrients. Due to the BSE outbreak in bovines, for cosmetic industry, collagen of marine origin is being considered a highly attractive source. Intake of supplements containing hydrolyzed collagen is associated with many host beneficial effects including the slowing of skin ageing.
